ABSTRACT: The present study compares 13 physiological and immunological variables between a group of healthy Panulirus argus lobsters and a group of lobsters naturally infected with Panulirus argus Virus 1 (PaV1). Viral infection was determined through histopathology and PCR. Ten of the 13 variables differed significantly between the 2 groups. Using these variables, a principal component analysis yielded 2 separate clusters: one corresponding to the healthy group and the other corresponding to the infected group. In particular, infected lobsters exhibited significantly lower levels of osmotic pressure, total hemocyte counts, plasmatic proteins, and total phenoloxidase (PO) activity in plasma, as well as significantly higher levels of cholesterol and acylglycerides. These features are consistent with metabolic wasting, hyperlipidemia, and presumed immune suppression. Infection with PaV1 appears to increase the susceptibility of lobsters to some other opportunistic pathogens, as 61.1% of infected lobsters presented infestations of ciliate epibionts (Epystilis and Zoothamniun) in the gill chamber compared with 11.5% lobsters in the healthy group. Infected lobsters also showed significantly higher levels of total PO activity in degranulated hemocytes and trypsin inhibitor activity, potentially indicating activation of immune response by the PO system during the systemic infection with PaV1. 
INTRODUCTION
The Caribbean spiny lobster Panulirus argus (Latreille, 1804) supports valuable commercial fisheries through the wider Caribbean region (Holthuis 1991) . Since the last decade, this species has been affected by a highly pathogenic virus known as Panulirus argus Virus 1 (PaV1) (Behringer et al. 2011 ).
PaV1 was first detected in juveniles of P. argus from the Florida Keys (Shields & Behringer 2004) , and then in juvenile lobsters from the Caribbean coast of Mexico . Currently, PaV1 appears to be widespread throughout the Caribbean , Huchin-Mian et al. 2009 , Cruz Quintana et al. 2011 ) and, given its high level of pathogenicity, this virus is considered a potential threat to local lobster fisheries in the Caribbean region , Shields 2011 .
Field studies have shown that the prevalence of lobsters visibly infected with PaV1 tends to decline as lobster sizes increase, being higher in early benthic (15−25 mm carapace length [CL] ) and large juveniles (25−45 mm CL) than in sub-adults (45−80 mm CL) and adults (> 80 to < 200 mm CL) (Shields & Behringer 2004 ). Nevertheless, Huchin-Mian et al. (2009) detected PaV1 in frozen tails of subadult−adult lobsters from Belize, and Cruz Quintana et al. (2011) confirmed PaV1 infection in adult lobsters from Cuba by histology and PCR of hemolymph and tissues.
Macroscopic signs of PaV1 infection are a milky hemolymph that lacks the ability to clot, a reddish discoloration of the clear marks on the carapace, lethargy and, occasionally, fouling of carapace by epibionts indicating suppression of molt (Shields & Behringer 2004 . In particular, the change in aspect of the hemolymph, from clear or bluish to a milky-white color, is one of the major clinical signs of infection and is used for diagnosis of PaV1 (Shields & Behringer 2004 , Behringer et al. 2011 . In laboratory experiments, PaV1 was transmitted to healthy lobsters via inoculation, prolonged contact with infected lobsters, ingestion of infected tissue, and over short distances in the water . Observations of virus-infected hemocytes in the hemal sinuses of the ovary of female lobsters (Cruz Quintana et al. 2011 ) and the presence of PaV1-infected postlarvae of Panulirus argus in the Florida Keys (Moss et al. 2012) suggest the possibility of vertical transmission, but this has yet to be confirmed.
The primary sites of infection by PaV1 are the fixed phagocytes in the hepatopancreas and the hyalinocytes and semigranulocytes in the hemolymph, followed by proliferation of infective cells in the soft connective tissue around the hepatopancreatic tubules (Shields & Behringer 2004 , Li et al. 2008 . In heavily infected lobsters, viral particles can be found in the spongy connective tissue surrounding most organs, in the gills, heart and hindgut, the glial cells around the optic nerves, and the cuticular epidermis and foregut, with the hepatopancreas showing marked atrophy (Li et al. 2008) . Experimental infection with PaV1, which can cause up to 100% of mortality in juvenile Panulirus argus (Shields & Behringer 2004) , causes a significant decrease in total hemocyte counts and severe alterations of some constituents in the hemo lymph, such as glucose, phosphate, and triglycerides (Li et al. 2008) . found that wild lobsters exhibiting macroscopic signs of PaV1 infection had a significantly lower concentration of hemolymph serum proteins, indicating poor nutritional condition.
The pathogenesis and prognosis of the PaV1 disease has been well addressed, primarily through experimental infections in Panulirus argus, which have also been important for the development of molecular techniques to detect PaV1 (Li et al. 2006 , Montgomery-Fullerton et al. 2007 ). However, little is known about the host response during natural infections with PaV1. Therefore, the objective of this study was to compare some physiological and immunological variables between healthy lobsters and lobsters naturally infected with PaV1.
MATERIALS AND METHODS

Lobster sampling
Spiny lobsters were collected in June 2006 from the Puerto Morelos reef lagoon, located on the Carib bean coast of Mexico (20°51' N, 86°53' W). Over a 3 d period we searched, while on SCUBA, for lobsters exhibiting macroscopic signs of PaV1 infection (initially categorized as 'infected') and lobsters not exhibiting these signs (initially categorized as 'healthy'). In total, we collected 21 infected lobsters (17.9− 50.3 mm CL) and 35 healthy lobsters (38.2−72.3 mm CL). It is important to clarify that this collection of lobsters does not reflect local macroscopic prevalence of PaV1 because the sampling was directed rather than random.
Healthy and infected lobsters were transported to the laboratory in separate containers with cooled, aerated seawater and then placed into 2 separate holding tanks (3 m in diameter, 80 cm in depth, with 5.7 m 3 of seawater, salinity of 35 PSU) subjected to a flow-through seawater system with an exchange rate of 300% per day. Lobsters were held and kept unfed for 2 d prior to analyses. Before extracting hemolymph for laboratory analyses, lobsters were placed in aerated seawater 5°C lower than the temperature of the water of the holding tanks to reduce their metabolic activity and to minimize handling effects on hemolymph components (Rosas et al. 2007 ).
Hemolymph sampling
Hemolymph (350−1500 µl) was collected from the pericardial sinus using a chilled syringe needle in -jected through the transparent membrane between the cephalothorax and the abdomen. The area of extraction was previously sterilized with 70% ethanol and dried with a paper towel. To avoid clotting, hemolymph samples were placed on parafilm over a flat freeze container (Pascual et al. 2006 ). Sub-samples were taken immediately to perform laboratory tests.
Plasma and degranulated hemocyte preparation
Hemolymph was diluted (1:3) with pre-chilled (8°C) anticoagulant according to Hernández-López et al. (2003) , who titrated the appropriate concentration of NaCl to avoid lysis of hemocytes in Panulirus argus (350 mM NaCl, 10 mM KCl, 10 mM HEPES, 10 mM EDTA-Na 2 , pH 7.3, 850 mOsm kg −1 ). The sample was then centrifuged at 800 × g for 5 min at 4°C to separate the plasma, which was used to evaluate plasmatic metabolites, phenoloxidase (PO) activity, hemagglutination activity, and trypsininhibitory ac tivity. The cellular pellet from each sample was washed with anticoagulant and centrifuged as described above. Then, the cellular pellet was resuspended several times with cacodylate buffer (10 mM cacodilic acid, 10 mM CaCl, pH 7.0) in equal volume (hemolymph plus anticoagulant) and centrifuged at 16 000 × g for 5 min at 4°C. The supernatant was used to evaluate the PO activity from degranulated hemocytes.
Biochemical and physiological variables
Osmotic pressure. To measure the osmotic pressure, we placed 20 µl of hemolymph in a microosmometer (3MO Plus, Advanced Micro-osmometer). Results are expressed as mOsm kg −1 (Lignot et al. 1999) .
Oxyhemocyanin concentration. The hemocyanin was measured by placing 20 µl of hemolymph diluted in 980 µl of distilled water in a 10-mm cuvette. The absorbance was measured at 335 nm (UV-SENSE; SLM AMINCO Mod DW). Hemocyanin concentration was calculated using an extinction coefficient of 17.26 calculated on the basis of the functional subunit of 74 kDa (Chen & Cheng 1993a,b) .
Plasmatic metabolites. We used chromogenic kits adapted in an ELISA microplate format to detect the following metabolites: glucose (Bayer Sera pack Plus B 014509-01), acylglycerides (Bayer Sera pack Plus B 01451-01), and cholesterol (Advia B 01-4124-01). We adjusted the volume of plasma using 50 µl of plasma for glucose, 40 µl for acylglycerides, and 80 µl for cholesterol, and added 200 µl of the appropriate reagent to each sample. The determination of protein concentration was also performed in an ELISA microplate format, diluting 5 µl of plasma in 1000 µl of sterile water, and then taking 10 µl of this solution and mixing it with 200 µl of the commercial solution (Biorad Protein assay 500-0006) according to Bradford (1976) . Bovine serum albumin was used as a standard. Absorbance values were recorded in an ELISA micro plate reader (Biorad model 550) and the concentrations (mg ml −1 ) were calculated using standard curves considering the dilution factor for each sample.
Immunological tests
To avoid immune system activation by endotoxins, all glassware was washed with Etoxa-clean prior to use and solutions were prepared using pyrogen-free water.
Hemocyte counts. A sample of 25 µl of hemolymph was diluted 1:2 with Alsever solution (115 mM glucose, 30 mM sodium citrate, 10 mM EDTA-Na 2 , 338 mM NaCl) and 10% of formaldehyde (v/v) according to Le Moullac et al. (1998) . Samples were kept at 2−8°C until further analyses. Hemocytes were counted in a Neubauer chamber. Samples from each lobster were analyzed in duplicate, yielding a minimum area count of 0.04 mm 3 . Hemagglutination activity. Human blood (type O+) was obtained from a local blood bank. Prior to use, the erythrocytes were washed 3 times with 0.9% saline solution, centrifuged at 380 × g at 25°C for 5 min, and then adjusted to a final volume of 2%. Hemagglutination activity in lobster plasma was assayed in microtiter U plates by a 2-fold serial dilution, i.e. 50 µl of plasma were diluted twice in saline solution and then mixed with an equal volume of erythrocytes solution. After 2 h of incubation at room temperature (26 ± 2°C), hemagglutination was observed. Results were ex pressed as the inverse of the last dilution showing visible agglutination activity.
Total PO activity. Total PO activity was measured by spectrophotometry in an ELISA microplate format to detect the formation of dopachrome produced from L-dihydroxyphenylalanine (L-DOPA) (Ashida & Söderhall 1984 , Hernández-López et al. 1996 . The technique was adjusted for Panulirus argus. Briefly, 100 µl of plasma or degranulated hemocytes were incubated for 10 min at room temperature with 100 µl of trypsin (1 mg ml −1 ) to transform the proPO into PO. Then, 150 µl of L-DOPA (3 mg ml −1 ; Sigma D9628) was added. Absorbance was measured at 490 nm for 30 s in an ELISA micro plate reader (Biorad model 550). Results were ex pressed as the increment of 0.001 in optical density.
Trypsin inhibitory capacity. The technique of Le Moullac et al. (1998) ; Sigma B4875) was added. Every minute for 5 min, protease activity was measured by hydrolysis of the substrate at 405 nm. Trypsin inhibitory capacity was defined as the percentage of decrease in protease activity per minute. As a control, plasma was substituted with Tris buffer (pH 7.3), representing 0% of inhibition.
Determination of molt stage and hepatosomatic index
Immediately after hemolymph sampling, each lobster was measured (CL; mm) and weighed (total body mass; g), and its molt stage was determined by microscopic observation of the degree of setal development and epidermal retraction in the tip of one pleopod (Lyle & MacDonald 1983 ). The digestive gland was then excised and weighed to obtain the hepatosomatic index (mass of the digestive gland/ body mass × 100).
Polymerase chain reaction
To test for the presence of PaV1 in lobsters, a PCR (first and second step) was performed according to Montgomery-Fullerton et al. (2007) . A portion of hepatopancreas and gills was individually fixed in 70% ethanol. DNA was extracted from ~25 mg of hepatopancreas with the Wizard genomic DNA purification kit (Promega) following the manufacturer's protocol. Specific primers for PaV1 (45aF: TTC CAG CCC AGG TAC GTA TC; and 543aR: AAC AGA TTT TCC AGC AGC GT) that amplify a region of 499 bp (Montgomery-Fullerton et al. 2007 ). All PCR reactions were carried out in a total volume of 25 µl containing ~32.5 ng of DNA, 0.33 µM of each primer, 2.5 mM of MgCl 2 , 1.2× reaction buffer (50 mM KCl, 10 mM Tris-HCl, pH 9.0, 0.1% Triton X-100), 0.4 mM dNTPs mixture (Promega), and 2.5 U of Taq DNA polymerase (BioLabs). The PCR reactions were run on a thermal cycler (TECHNE TC-312). The cycling conditions were 94°C for 10 min, followed by 30 cycles of 94°C for 30 s, 63°C for 30 s, and 72°C for 1 min, with a final extension of 72°C for 10 min. PCR products were run in a 2% agarose gel electrophoresis with a 100-bp DNA ladder. Bands were visualized using 0.1% ethidium bromide stain on a UV documentation system (MiniBis Pro). In all cases, ultrapure water and tissue from non-infected lobsters were used as negative controls, and DNA from a heavily infected lobster was used as a positive control ). All PCR analyses were performed in triplicate.
Histology
To determine the severity of PaV1 infection, sample portions of gills, hepatopancreas, and muscle of 16 infected lobsters and 28 healthy lobsters were fixed in Davidson's AFA fixative (alcohol, formalin, and acetic acid), processed, embedded, sectioned (thickness: 5−6 µm), and stained with haematoxylin and eosin (H&E) or Pinkerton's stain following routine histological protocols (Bell & Lightner 1988 ). Sections were analyzed by standard light microscopy to determine histopathological changes. The degree of severity was determined according to Li et al. (2008) and Cruz-Quintana et al. (2011) , from noninfected lob sters (grade 0) to heavily infected lobsters (grade 3). However, as there were few lightly and moderately infected lobsters in our samples, we grouped these lobsters into one category (grades 1−2; Table 1 ).
We examined the secondary branchial lamellae (right side) of healthy and PaV1-infected lobsters under a light microscope (40 ×) for the presence of epibionts and compared the proportion of lobsters harboring branchial epibionts between the 2 groups of lobsters with a 2-tailed Fisher's exact test. We further quantified the epibionts present in the interlamellar space of one gill filament (right side) from each lobster.
Statistical analysis
Only lobsters in inter-molt were used for the statistical analyses, which were performed in 2 steps. In the first step, we determined which variables differed significantly between healthy and infected lob-sters (i.e. those that exhibited macroscopic signs of infection and/or tested positive for PaV1 by histology and PCR) by subjecting each of the 13 variables to a Student's t-test, assuming unequal variances, or a normalized Mann-Whitney test. Given that 11 of the 13 variables were measured in the hemolymph of the same subjects, the α-level was adjusted to 0.005 to account for the experimentwise error rate. To compare each variable between healthy and infected lobsters, we used data from all individuals for which that variable was measured. Because of missing values for some variables, the sample size was not the same for each variable comparison.
In the second step, we performed a principal component analysis (PCA) to model the hematological data (Dove et al. 2005) . We used only the 10 variables that differed significantly between the 2 groups of lobsters (see 'Results') to examine their interrelationships as well as their individual contribution to the description of the 2 health conditions (healthy vs. infected). Because the data of variables differed widely in scale and dispersion, each variable used in the PCA was standardized by subtracting the overall average from each observation and dividing by the standard deviation (Gotelli & Ellison 2004) . Histological and PCR analyses revealed that 2 lobsters initially categorized as healthy (no macroscopic signs of PaV1 infection) were actually lightly infected, and these lobsters were re-categorized into the infected group (grade 1; 
RESULTS
Histology and PCR
Of the 35 lobsters initially categorized as healthy, 7 were in pre-molt or post-molt stages and 28 were in inter-molt. In these 28 lobsters, histological observations of the hepatopancreas, gills, and spongy connective tissue exhibited the well-organized structure normally seen in Panulirus argus (Li et al. 2008 ). However, 2 of these lobsters tested positive by PCR to PaV1 and this was confirmed by DNA sequencing; therefore, they were reclassified as lightly infected (grade 1; Table 1 ). The remaining healthy lobsters were not positive for PaV1 by PCR.
In contrast, all lobsters exhibiting macroscopic signs of PaV1 infection showed amplification at the 499 bp region, and the DNA sequence confirmed the presence of PaV1 (Montgomery-Fullerton et al. 2007 ). However, in 5 of the 21 lobsters initially categorized as infected, the molt stage was not determined; there fore, data from those 5 lobsters were not included in the statistical analyses. Histopatho- logical analyses performed in 18 infected lobsters (including the 2 recategorized as infected) showed that 10 of these lobsters were lightly to moderately infected (grades 1−2), and 8 were heavily infected (grade 3; see Table 1 ). 61.1% of diseased lobsters (11/18) presented infestations of stalked ciliates (Epistylis sp.) on their secondary branchial lamellae, compared with 11.5% (3/26) of healthy lobsters. These percentages were significantly different (Fisher's exact test, p < 0.001).
Physiological and immunological condition
Healthy lobsters showed significantly higher levels (all p < 0.005; Table 2 ) of 5 of the 13 physiological and immunological variables: total hemocyte counts (Fig. 1B) , total PO activity in plasma (Fig. 1D) , hemagglutination activity (Fig. 1E ), osmotic pressure (Fig.  1H) , and plasmatic protein concentration (Fig. 1I , Table 2 ). Infected lobsters showed significantly higher levels of 5 other variables (Table 2) : number of branchial epibionts in the interlamellar space of the gill filament (Fig. 1A) , total phenoloxidase activity from degranulated hemocytes (Fig. 1C) , trypsin inhibitory activity (Fig. 1F) , acylglycerides ( Fig. 1K ) and cholesterol concentration (Fig. 1L) . The 3 remaining variables -glucose concentration (Fig. 1J) , hemocyanin concentration (Fig. 1G) , and hepatosomatic index (not shown)-did not differ significantly between healthy and infected lobsters (Table 2) .
Multivariate analysis
The PCA using the 10 physiological and immunological variables that differed between healthy and infected lobsters yielded 2 separate clusters along the first component axis, one corresponding to the healthy group and the other corresponding to the infected group, with both clusters showing a greater dispersion along the second component axis (Fig. 2) . The separation of the 2 clusters across the first component axis was mainly due to 2 groups of variables (Fig. 3) . One group consisted of the 5 variables that showed higher values in infected lobsters (total PO activity from degranulated hemocytes, trypsin inhibitory activity, cholesterols, acylglycerides, and counts of branchial epibionts). The other group consisted of the 5 variables that showed higher values in healthy lobsters (osmotic pressure, hemocyte counts, total phenoloxidase activity in plasma, hemagglutination activity, and protein concentration; Fig. 3 ). The immunological 119 Fig. 1 . Panulirus argus. Immunological and physiological variables from healthy and infected lobsters (i.e. lobsters that tested positive for PaV1 by histology and PCR). Horizontal line: median; box: 25th and 75th percentiles; whiskers: 5th and 95th percentiles; black dots: arithmetic mean; stars: outliers. PO: phenoloxidase; OD 490 : optical density at 490 nm response variables that differed more markedly between infected and healthy lobsters (i.e. PO, trypsin inhibitory activity, hemagglutination activity, and hemocyte count; see Fig. 1 ) contributed more to the separation of the clusters. The physiological variables, particularly the concentration of plasmatic lipids (cholesterol and acylglycaerides), reinforced this separation. In contrast, the separation along the second component axis could not be assigned to a particular group of variables. However, the vertical dispersion pattern appeared to be mainly driven by the physiological variables (plasmatic lipids, proteins, and osmotic pressure) in conjunction with trypsin inhibitory activity (Fig. 3) . Interestingly, the 2 lobsters that were initially categorized as healthy but were further found to be lightly infected with PaV1 were classified by the PCA in the 'healthy' group (see Fig. 2 ) because their physiological and immunological variables did not differ from those of truly healthy lobsters, which could reflect either the early stage of infection shown by these lobsters (Behringer et al. 2006) or some type of immunity to PaV1. These results underline the limitation of clinical diagnosis in accurately classifying lobsters lightly infected with PaV1.
DISCUSSION
The present study provides a baseline of physiological and immunological variables in Panulirus argus naturally infected with PaV1. Ten of the 13 hematological variables examined differed significantly between PaV1-infected and healthy lobsters. The PCA using these 10 variables yielded 2 separate clusters along the first component axis: one corresponding to the healthy group and the other corresponding to the infected group.
Consistent with previous findings in both naturally (Shields & Behringer 2004 ) and experimentally infected lobsters (Li et al. 2008) , we found that heavily infected lobsters showed an increase of spongy connective tissue in the intertubular spaces of the hepatopancreas and distortion of the hemal sinus. Structural alterations in these ducts can cause malfunction in processes such as absorption and storage of ingested nutrients (Johnston et al. 1998 , Vogt et al. 1989 ). Blood constituents are widely used to determine nutritional condition because there are direct relationships between nutritional characteristics of food, hepatopancreatic enzyme activity, and blood metabolites (Cuzon et al. 2001 , Gaxiola et al. 2005 , Pascual et al. 2006 . Li et al. (2008) observed that as severity of PaV1-infection increased, glucose in the hemolymph decreased but protein concentration was not affected. In contrast, we found that plasmatic glucose was not affected by PaV1 infection and that infected lobsters showed significantly lower levels of plasmatic proteins. These apparently contradictory results probably reflect the different substrates used for the respective analyses. Li et al. (2008) performed their analyses using hemolymph lysates. These lysates, in addition to plasmatic metabolites, contain cytoplasmatic components of the hemocytes that include high levels of glucose, amino acids, and proteins (Johnston & Davies 1972 , Dall 1974 . In contrast, we performed our analyses using plasma to avoid the interference associated with variations in total hemocyte counts by PaV1 infection.
Reserve inclusion cells, which contain polysaccharides, abound in the hepatopancreas of healthy lobsters but are absent or very rare in the hepatopancreas of PaV1-infected lobsters (Shields & Behringer 2004 , Li et al. 2008 . Therefore, the similar levels of plasmatic glucose that we found between healthy and infected lobsters may be explained by the release of polysaccharides because of degradation of reserve inclusion cells in infected lobsters. In contrast, infected lobsters showed lower values of plasmatic proteins, an indication of strong tissue degradation, catabolism of hepatopancreatic cells, and/or metabolic impairment to extract nutrients from food. In decapod crustaceans, starvation decreases total serum protein concentration because, in the absence of food, one of the main mechanisms used to draw energy is the catabolism of the free amino acids and lipids (Comoglio et al. 2004 ). Thus, Behringer et al. (2008) observed that, relative to healthy lobsters, wild lobsters infected with PaV1 had a significantly lower index of hemolymph refraction (which provides an estimate of serum protein concentration), indicating poor physiological condition. Although hemocyanin is one of the main protein components in the hemolymph of the crustaceans, we found that hemocyanin levels did not appear to be affected by PaV1 infection. However, it is possible that the turbidity of the milky hemolymph of infected lobsters may have altered the spectrophotometric evaluation of this molecule.
Hyperlipidemia (a significant increase in serum lipids, mainly cholesterol and triacylglycerides) can result in a milky aspect of the hemolymph or blood in many animals, including humans (Rupprecht et al. 2001 , Barbaro 2003 . For example, Johnson et al. (1981) and Stewart (1984) reported milky hemo lymph and lipid material in the hemolymph of clawed lobsters Homarus americanus infected with Aerococcus viridans (gaffkemia). Li et al. (2008) found significantly higher levels of triglycerides in heavily infected lobsters that had been experimentally inoculated with PaV1. We found that the plasmatic concentration of acylglycerides and cholesterol in lobsters naturally infected with PaV1 was, on average, 400% higher than in healthy lobsters, indicating that hyperlipidemia is an important feature of the PaV1 disease.
According to the PCA analysis, total hemocyte count, hemagglutination activity, and total PO activity in plasma were positively associated with the healthy lobster group. Crustacean hemo lymph coagulation is initiated by the release of transglutaminase from the hemocytes, which polymerizes the hemolymph-clotting protein into a stabilized gel (Martin et al. 1991) . In shrimps, this clotting protein is synthesized in the sub-cuticular epidermis and in the heart (Cheng et al. 2008) . The inability to coagulate of the hemolymph of PaV1-infected lobsters reflects the distinct predilection of PaV1 for hyalinocytes and semigranulocytes, as well as the ability of the virus to infect the main tissues where the synthesis of the clotting protein occurs (Shields & Behringer 2004 , Li et al. 2008 .
The lower hemagglutination activity in infected lobsters probably reflects their lower hemocyte count. In crayfish Macrobrachium rosenbergii (Pais et al. 2007 ) and clawed lobsters Homarus americanus (Cornick & Stewart 1978) , hemagglutinins or lectins appear to be involved in immune response. The source of hemolymph lectins remains to be determined, but the hemocytes and/or the hepatopancreas have been identified as potential sources of hemagglutinins (Pais et al. 2007) . As these are also the main targets of PaV1, the mechanism of pathogen recognition in infected lobsters would become more impaired as the disease progresses, potentially increasing their susceptibility to opportunistic pathogens. We observed infestation of gills by ciliates in 5 times as many infected lobsters (61.1%) as healthy lobsters (11.5%). However, it is unclear whether this result reflects immune suppression caused by PaV1 and/or an inability of PaV1-infected lobsters to molt and groom. Further studies are needed to examine whether these and other potentially opportunistic pathogens increase mortality rates in PaV1-infected Panulirus argus (Nunan et al. 2010) .
The presence of nodules in different tissues is associated with viral infections (Munday et al. 2003 , Stentiford & Feist 2005 . We observed nodules in the gills, hepatopancreas, and muscle of lobsters heavily infected with PaV1. Some of these nodules were covered with melanin pigment, which could be produced by PaV1 infection. Melanization implies the activation of the proPO system by microbial components and hence is considered to be a mechanism against pathogens (Agius & Roberts 2003 , Hur et al. 2006 . For example, Stentiford & Feist (2005) found melanized nodules in the hepatopancreas of Cran-gon crangon shrimps infected with intranuclear bacilliformus virus. In our study, in fected lobsters exhibited a significantly higher activity of total PO in degranulated hemocytes and of trypsin inhibitor, which could be indicative of the activation of immune response by the PO system during the natural process of PaV1 infection. This mechanism may represent an immunological compensation, potentially explaining the long period of the PaV1 infectious process (> 80 d, Li et al. 2008) and suggesting that the survival of some lobsters to this process may be due to an adaptive response. This sort of immunology response to overcome viral infection has already been observed in Macrobrachium rosenbergii infected with white spot syndrome virus (Sarathi et al. 2008) .
In summary, the present study provides insight into the physiological and immunological responses of Panulirus argus lobsters naturally infected with PaV1. In particular, we determined several hematological variables that are strongly altered by PaV1 infection, but many questions about the infectious process in natural conditions remain unanswered. For example, although viral infections can cause catastrophic mortalities in cultured crustaceans (Lightner 2011 , Bonami & Sri Widada 2011 , their effects on wild populations are far less understood (e.g. Bonami & Zhang 2011) . The presence of PaV1 has been confirmed in wild populations of P. argus from Florida, Belize, Mexico, the Virgin Islands, and Cuba (re viewed in Behringer et al. 2011) , but the prevalence of infected lobsters in specific areas remains un known and the effects of PaV1 on population parameters of lobsters are poorly understood, if at all (Shields 2011). As P. argus comprises one of the most important fisheries in the Caribbean region, it is essential to continue the research on important issues such as virus characterization, geographical variants of the virus and host responses, the role of the immune system on the susceptibility/resistance to infection by lobsters of different sizes, and the mechanisms of PaV1 dispersion in nature. 
